Study Design: Longitudinal training. Objectives: To determine the eects of functional electrical stimulated (FES) leg cycle ergometer training on muscle histochemical characteristics in individuals with motor-complete spinal cord injury (SCI). Setting: University of Alberta, Edmonton, Alberta, Canada. Methods: Six individuals with motor-complete SCI (age 31 ± 50 years; 3 ± 25 years postinjury) trained using FES leg cycle ergometry for 30 min, 3 days per week for 8 weeks. Biopsies of the vastus lateralis muscle were obtained pre-and post-training and analyzed for ®bre composition, ®bre size and capillarization. Results: The majority of muscle ®bres were classi®ed as type 2 pre-and post-training. Average ®bre area increased 23% (P50.05) and capillary number increased 39% (P50.05) with training. As a result of these proportional increases, capillarization expressed relative to ®bre area was unchanged with training. Conclusions: FES leg cycle ergometer training results in proportional increases in ®bre area and capillary number in individuals with SCI. Sponsorship: Supported by the Glenrose Rehabilitation Hospital.
Introduction
Following spinal cord injury (SCI), paralysed muscle undergoes marked changes, including a shift in ®bre composition to fast twitch ®bre type, 1 ± 3 muscle ®bre atrophy, 1, 2, 4 and a reduction in capillary number. 4, 5 These changes may be associated with functional de®cits at the whole body level, including a reduced aerobic capacity, 6 prolonged exercise gas-exchange kinetics, 7 and reduced insulin-mediated glucose utilization. 5 Functional electrical stimulated (FES) cycle ergometer training has been used to improve some of these whole-body parameters, including maximal oxygen uptake, 8, 9 gas-exchange kinetics, 8 and submaximal exercise endurance time 9, 10 in individuals with SCI. In healthy individuals, dierences in these measures of exercise peformance have been attributed to dierences in muscle characteristics. For example, individuals with a higher proportion of slow-twitch ®bres experience a smaller accumulation of metabolic by-products involved in the fatigue process, 11, 12 presumably allowing greater exercise endurance.
Also, muscle capillarization is related to maximal oxygen uptake 13, 14 and recovery from exercise. 15, 16 Finally, increases in muscle mass are related to improvements in maximal oxygen uptake and submaximal exercise performance in individuals with initially low muscle mass (ie the elderly). 17, 18 Given the importance of these muscle characteristics for determining exercise capacity in healthy individuals, it was of interest to assess the eects of exercise training, with FES, on the characteristics of paralysed muscle in individuals with SCI.
The purpose of this study was to assess changes in muscle ®bre type composition, muscle ®bre area and capillarization, with FES cycle ergometer training in individuals with SCI. We hypothesized that this training would favourably induce changes in these muscle characteristics.
Methods

Subjects
Six individuals (®ve males, one female; aged 31 ± 50 years) with motor-complete spinal cord injury (3 ± 25 years post-injury involving levels C 5 -T 8 ) volunteered for this study. Informed consent was obtained and the project was approved by ethics committees of the University of Alberta and the Glenrose Rehabilitation Hospital. Subjects underwent a medical examination prior to participation. Exclusion criteria included subjects with pacemakers, uncontrolled arrhythmias, angina, congestive heart failure, current deep venous thrombosis or pulmonary emboli, severe automomic dysre¯exia response to electrical stimulation, less than 908 of¯exion range of motion of the hips and knees, severe lower extremity spasticity, and current participation in regular exercise.
Exercise training
Subjects trained using a computer controlled FES-leg cycle ergometer (ERGYS II; Therapeutic Alliance, Fairborn, OH, USA) for an accumulated duration of 30 min cycling, 3 days per week, for 8 weeks.
Electrical stimulation was applied through surface electrodes (4.5610 cm) to the gluteal, hamstring, and quadriceps muscles in a controlled sequence to allow pedalling. Two active electrodes and one reference electrode were placed on each muscle group. Electrical stimulation (monophasic rectangular pulse trains with pulse width of 450 m s; 30 Hz, 10 ± 130 mA) was applied to the muscles to enable pedalling at 50 rpm. Training sessions began with a warm-up comprised of 1 min of technician-assisted pedalling at 45 rpm. Cycling was initially unloaded for the ®rst training session and an attempt was made to progressively increase resistance over the 8 week period. Following the warm-up, electrical stimulation was increased until subjects were pedalling unassisted at 50 rpm. If subjects could not maintain a pedal cadence of 50 rpm with maximal stimulation, resistance was decreased in order for subjects to pedal at 50 rpm. If the pedalling rate fell below 40 rpm, assistance was provided to ®nish the next time interval divisible by 10 min. This technician-assisted pedalling would essentially provide an`overload' stimulus to the muscle, allowing it to continue beyond the occurrence of fatigue failure at 40 rpm. This would allow for an increased progression of training. After each exercise interval, a 2 min cooldown (technician-assisted pedalling at 45 rpm) and 3 min rest period was provided. Training sessions had a maximum of three exercise intervals to complete 30 min of exercise.
Muscle biopsies
Skeletal muscle biopsies, adapted for suction, were taken from the vastus lateralis at rest before and after the 8-week training program. The tissue was mounted on cork in O.C.T. embedding compound, placed in isopentane cooled to near freezing in liquid nitrogen, and stored at 7808C. Sections were cut at a thickness of 10 mm at 7208C using a Tissue-Tek Cryostat (Miles Laboratories) and mounted on glass slides with a coverslip. Muscle sections were simultaneously stained for capillaries and ®bre types using the technique of Rosenblatt et al. 19 as modi®ed for human muscle by Hepple et al. 13 This technique does not allow for dierentiation of type 2 ®bre subtypes. Staining for each individual's pre-and post-training muscle biopsy were done within the same assay to decrease inter-assay variability. Sections were magni®ed and projected on a PSI-COM 232 computer-assisted image analysis system (Perceptive Systems Inc., League City, TX, USA) for counting of capillaries and ®bres. The number of muscle ®bres in sections averaged 177+93 (range 68 ± 361).
Muscle capillarization was expressed as capillary-to®bre ratio (C/F; total number of capillaries in a section divided by the number of ®bres), the capillary density (total number of capillaries in a section divided by the total ®bre area), the average number of capillaries in contact with each ®bre (CC), and the average number of capillaries in contact with each ®bre divided by the average ®bre area (CC/FA). Capillarization was expressed by these four dierent measures because each oers dierent information on capillary supply to ®bres. When comparisons of capillarization are made across studies, it has been suggested that the best measure to use is C/F, since a measure such as capillary density is highly in¯uenced by muscle ®bre size, which may be aected by shrinkage during histochemical preparation techniques that vary across laboratories. 20 Capillary density and CC/FA are of greater use for assessing capillary supply of ®bre area and thus the ability of capillaries to supply oxygen or substrate to muscle, than are C/F and CC. CC/FA is thought to be the best measure of capillary supply to ®bres, as C/F and capillary density are global indices of capillarization and yield little information on the capillary supply of individual ®bres. 21 
Statistics
Changes in work rate, duration, and total work output per exercise session, and changes in muscle ®bre composition, ®bre area, and capillarization were analyzed by dependent t-tests. Signi®cance was pre-set at an a level of 50.05. All results are expressed as means+SEM.
Results
Training resulted in an increase in mean work rate during exercise from 0 watts at the beginning of the program to 5.1+2.4 watts (P50.05) following 8 weeks. Prior to training, the duration for which subjects were able to continuously pedal the ergometer without assistance averaged 4.3+0.7 min. Following 8 weeks of training, this was increased to 21.2+5.6 min (P50.05). Average total work output for each training session is shown in Figure 1 . This increased from 0 at the ®rst exercise session to 9.2+4.4 KJ following 8 weeks (P50.05).
Cross-sectional samples of muscle ®bres, stained for ®bre-type and capillaries are shown in Figure 2 , for an individual with SCI, prior to ( Figure 2b ) and following ( Figure 2c ) the 8-week training program. These are compared to a sample taken from a non-SCI individual (Figure 2a ). Compared to this non-SCI individual, the individual with SCI has smaller ®bres, and a smaller number of capillaries. The non-SCI individual has an equal mixture of type 1 and type 2 ®bres, whereas the individual with SCI has a predominance of type 2 ®bres. Following the 8-week training program, the most obvious change in the individual with SCI was an increase in ®bre size.
For all six subjects with SCI, changes in ®bre type composition, ®bre size, and measures of capillarization are shown in Table 1 . Fibre composition was classi®ed as predominantly type 2 pre-and post-training. Training resulted in a 23% increase in mean ®bre area (P50.05), a 39% increase in C/F (P50.05) and a 29% increase in CC (P50.05). Since ®bre area and capillary numbers increased in proportion to one a b c Figure 2 Cross-sections of biopsies of the vastus lateralis stained for ®bre type and capillaries for (a) an individual without spinal cord injury (a 22-year-old active male medical school student with ®bre type distribution, ®bre area, and capillary to ®bre ratio which were considered`average' compared with other healthy young males; 15, 29, 30 another, capillary density and CC/FA remained unchanged with training.
Discussion
To our knowledge, this is the ®rst study to demonstrate that FES-cycle ergometer training increased muscle ®bre area and capillary number. Only one other study has assessed changes in muscle ®bre characteristics following FES-cycle ergometer training. Mohr et al 9 did not ®nd signi®cant changes in muscle ®bre area following 6 months of FES-cycling in 10 SCI patients; however, these patients did experience an increase in whole muscle cross-sectional area, as assessed by magnetic resonance imaging. A number of other investigators have also shown that whole muscle cross-sectional area, as measured by computed tomography or magnetic resonance imaging, increases following FES-cycle ergometry or other electrical stimulation protocols. 10,22 ± 25 As pointed out by Mohr et al, 9 without assessment of muscle ®bre area, these changes may not re¯ect a change in muscle ®bre mass, but changes in the amount of interstitial tissue. Other stimulation protocols without cycle ergometry have failed to result in changes in muscle ®bre area of individuals with SCI. 4, 26, 27 Training with electrical stimulation may therefore have to involve work against resistance loads to induce changes in ®bre size.
Preventing muscle atrophy in individuals with SCI may be important for increasing whole body glucose clearance, 5 as skeletal muscle is the major site for glucose disposal in the body. This would be important for preventing the development of type 2 diabetes, which is common in these individuals. 28 An increase in muscle ®bre size should result in a better exercise tolerance in individuals with SCI, as it does for other groups, such as the elderly, that have reduced muscle mass. 17, 18 This was evident in the present study, where power output and duration of exercise increased along with increases in muscle ®bre area. An increased exercise tolerance is necessary before workloads, intense enough for increasing cardiovascular ®tness, can be accomplished with FES. Improved endurance of paralysed muscle would also contribute to the success of functional tasks such as FES-standing and walking.
Along with an increase in ®bre area, our subjects demonstrated a proportional increase in capillary number, with C/F increasing by 39% and CC increasing by 29%. Previous studies involving electrical stimulation training but without cycling against resistance loads as in the present study, failed to increase muscle capillarization. 4, 27 Training against resistance or simply a longer period of training may be necessary for adaptations to occur. Although our subjects had signi®cant increases in capillary number with training, capillarization was still well below that of healthy non-SCI subjects. The C/F of our subjects averaged 1.04 post-training (Table 1) , while C/F for non-SCI individuals ranges from 1.4 ± 2.2. 15, 29, 30 Nevertheless, increases in capillarization may be important for adequate delivery of insulin to muscle, 31 which would increase glucose tolerance, and for the delivery of oxygen 15 and removal of metabolic by-products such as lactate, 11, 16 which would increase exercise tolerance. The proportional increase in ®bre area may, however, oset any bene®ts of an increase in capillary number, because diusion distances for oxygen, substrates, or hormones to muscle from capillary would remain unchanged.
Individuals with SCI in the present study had a high proportion of type 2 ®bres, with few type 1 ®bres, consistent with other studies of SCI.
1 ± 3 The 8 week program of FES-cycling failed to result in a change in ®bre composition. Our results may be limited in that the stain used to simultaneously detect ®bre composition and capillaries 19 does not differentiate type 2 ®bre subtypes. There might have been a change in type 2 ®bre subtypes but this could not be measured with the methods used. Mohr et al 9 showed that 12 months of FES-cycling in individuals with SCI results in shifts in myosin heavy chain composition from type 2b to 2a, with little change in type 1 myosin heavy chain. Others have shown that 13 ± 24 weeks of daily electrical stimulation, without cycle exercise, induces changes in ®bre type from type 2b to 2a 26 or from type 2 to 1. 4 These shifts in ®bre type composition with electrical stimulation training 4 are consistent with changes in physiological properties (ie increased indexes of muscle endurance) of muscles in the same subjects. 32 In summary, 8 weeks of thrice-weekly FES cycle ergometer training results in a proportional increase in muscle ®bre area and capillary number. These changes may improve functional parameters, such as muscular endurance in individuals with SCI.
